Phased array antennas can steer transmitted and received signals without mechanically rotating the antenna. Each radiating element of a phased array is normally connected to a phase shifter, which determines the phase of the signal at each element to form a beam at the desired angle. The most commonly used phase shifters are ferrite and diode phase shifters. Phase shifters using ferroelectric materials have been proposed [1], [2] . A typical phased array may have several thousand elements and is very expensive. Therefore, reducing the cost and complexity of the phase shiften and the phase shifter controls is an important consideration in the design of phased arrays. The phased array reported here uniquely incorporates bulk phase shifting-the array does not contain individual phase shifters-using ferroelectric material along with simpler phase shift control. Bulk phase shifting using diodes has been proposed [3] and reasonably developed [4] in the Radant lens. The lens described here uses voltage controlled ferroelectric, which introduces analog phase shift rather than digital phase shift as in the Radant lens. The ferroelectric lens has further advantages of smaller lens thickness, higher power handling, simpler beam steering controls, and it uses less power to control the phase shift compared to the Radant lens. Thus, it can potentially lead to low cost phased arrays. Figure 1 shows the basic configuration of the lens which is made up of dielectric slabs sandwiched between conducting plates. Dielectric slabs are ferroelectric materials whose dielectric constant can be changed by applying and varying a DC electric field; DC voltage sources V,, V,, V, ... V, in Fig. 1 are used for this purpose. If a plane wave is incident on one side of the lens with RF electric field E normal to the conducting plates, the beam that is formed on the other side of the lens can be scanned in the E-plane if a linear phase gradient is introduced along the E-plane direction by adjusting the voltages V,, V,, Vg... V,. The corresponding dielectric constants are shown as E,, &2, E~. . .E, in Fig. 1 . Figure 2 shows a more practical lens configuration. This configuration has several advantages over the basic configuration of Fig. 1 . A stepped configuration is used for impedance matching, to reduce the amount of dielectric material, to eliminate higher order mode propagation, and to reduce the bias voltage necessary to create a certain amount of DC electric field intensity within the ferroelectric material, Quarterwave dielectric transformers are used for impedance matching of the air region to the ferroelectric region. A further refinement is also shown in Fig. 2 ; an additional conducting plate is used to bifurcate the ferroelectric material. Now, only half the DC voltage is needed to produce the same DC electric field intensity. In addition, the parallel plates are at zero potential. This makes the handling of the lens much safer.
IN'IRODUCTION
Phased array antennas can steer transmitted and received signals without mechanically rotating the antenna. Each radiating element of a phased array is normally connected to a phase shifter, which determines the phase of the signal at each element to form a beam at the desired angle. The most commonly used phase shifters are ferrite and diode phase shifters. Phase shifters using ferroelectric materials have been proposed [1] , [2] . A typical phased array may have several thousand elements and is very expensive. Therefore, reducing the cost and complexity of the phase shiften and the phase shifter controls is an important consideration in the design of phased arrays. The phased array reported here uniquely incorporates bulk phase shifting-the array does not contain individual phase shifters-using ferroelectric material along with simpler phase shift control. Bulk phase shifting using diodes has been proposed [3] and reasonably developed [4] in the Radant lens. The lens described here uses voltage controlled ferroelectric, which introduces analog phase shift rather than digital phase shift as in the Radant lens. The ferroelectric lens has further advantages of smaller lens thickness, higher power handling, simpler beam steering controls, and it uses less power to control the phase shift compared to the Radant lens. Thus, it can potentially lead to low cost phased arrays. Figure 1 shows the basic configuration of the lens which is made up of dielectric slabs sandwiched between conducting plates. Dielectric slabs are ferroelectric materials whose dielectric constant can be changed by applying and varying a DC electric field; DC voltage sources V,, V,, V, ... V, in Fig. 1 are used for this purpose. If a plane wave is incident on one side of the lens with RF electric field E normal to the conducting plates, the beam that is formed on the other side of the lens can be scanned in the E-plane if a linear phase gradient is introduced along the E-plane direction by adjusting the voltages V,, V,, Vg... V,. The corresponding dielectric constants are shown as E,, &2, E~. . .E, in Fig. 1 . Figure 2 shows a more practical lens configuration. This configuration has several advantages over the basic configuration of Fig. 1 . A stepped configuration is used for impedance matching, to reduce the amount of dielectric material, to eliminate higher order mode propagation, and to reduce the bias voltage necessary to create a certain amount of DC electric field intensity within the ferroelectric material, Quarterwave dielectric transformers are used for impedance matching of the air region to the ferroelectric region. A further refinement is also shown in Fig. 2 ; an additional conducting plate is used to bifurcate the ferroelectric material. Now, only half the DC voltage is needed to produce the same DC electric field intensity. In addition, the parallel plates are at zero potential. This makes the handling of the lens much safer. The lens or lenses proposed here can be fed by a planar array, such as a slotted waveguide array. A combination of the slotted waveguide array with phase shifters and the lens proposed here can be used as an antenna which can scan in two planes. A space feed can also be used with the combination of two lenses proposed here (with a polarizer in between) to scan the beam in two planes.
II. DESCRIPTION

III. THEORETICAL ANALYSIS AND NUMERICAL RESULTS
For the theoretical analysis of the ferroelectric lens, an individual section between two conducting parallel plates of the lens can be considered as a column of a phased array. Initially, the column height is considered infinite in extent and hence it becomes a two dimensional parallel plate waveguide with electric field normal to the plates as shown in Fig. 2(b) . The lens column fed by a parallel plate waveguide was evaluated assuming TEM mode propagation. To reduce the higher order mode problems, the ferroelectric slab thickness between one of the parallel plates and the central conducting plate is limited to 0.05 inch for q=lOO, which is less than 1/2 for frequencies below 11.8 GHz. Theoretical analysis was also performed using Touchstone, a commonly available software, for a rectangular waveguide with a cross section shown in Fig. 2(b) . The analysis was done assuming different column heights (waveguide widths). For widths larger than 4 wavelengths, the rectangular waveguide results matched well with parallel plate results. For practical reasons, most of the initial measurements were performed in a reduced height WR90 waveguide. So, the results included here are for the rectangular waveguide configuration only. Theoretical analysis also indicated that the results are better for a parallel plate waveguide than with a rectangular waveguide. Figure 3 Figure 3 also shows the experimental results for reflection coefficient for a ferroelectric with Er 7 110. The results are comparable to the theoretical predictions. Figure 4 shows the change in insertion phase with applied bias voltage. Additional results will be presented at the conference.
IV. EXPERIhlENTAL RESULTS
V. CONCLUSIONS
A new concept for phased arrays is proposed using a voltage controlled ferroelectric lens antenna. Theoretical analysis indicated that the ferroelectric lens concept is viable and sound. The initial experimental results are very encouraging. Frequency (GHz) Fig. 4 . Measured change in insertion phase of ferroelectric for various DC bias voltages.
